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Rapid determination of the thermophysical properties of various
materials. Method of the hot plane ﬁlm
P. Mounangaa, G. Bastian, G. Bron, and R. Coue´
Laboratoire de Ge´nie Civil de Nantes Saint-Nazaire (L.G.C.N.S-N.), Institut Universitaire de Technologie,
de´partement Ge´nie Civil, BP 420, 44606 Saint-Nazaire Cedex, France
Abstract. A new technical approach of a traditional method for the rapid (and therefore, non interfering)
determination of the thermophysical properties of porous materials likely, a priori, to undergo coupled heat
and moisture transfers is described. The improvements discussed here consist in the use of a heater ﬁlm
suiting the “method of the hot plane ﬁlm” especially well. A comparison with former works by one of the
method’s author is made. Finally, the updated method is applied to a variety of particularly signiﬁcant
materials.
1 Introduction
Most of the civil engineering materials (also called “geo-
materials”) are porous, and, therefore, can absorb, retain
and release water under liquid or vapour phases. They
can be subjected to coupled heat and moisture trans-
fers. The transfer-involved independent variables are, if
the materials are non-saturated, the temperature, on the
one hand, and the moisture content, the suction [1] or
the relative humidity, if the materials are hygroscopic [2],
on the other hand. Moreover, according to Moyne [3], a
third variable (the pressure of the gaseous phase (air +
vapour)) is necessary. However, at least as regards civil en-
gineering researches, situations where this variable occurs
are exceptional [4]. The use of geomaterials, in particular
for durability evaluations, requires to know their trans-
fer properties. Several measurement methods for param-
eters characterizing heat and moisture transfers within
hygroscopic materials have been developed at the labora-
tory [5–8]. Later, some methods suiting the case of close to
saturation and weakly permeable materials have been per-
fected [9]. Bastian’s former works on the thermophysical
property rapid determination using the method of the hot
plane ﬁlm [10] are resumed and improved to be now used
in recent [11] or currently in progress studies conducted
on very fresh cement pastes (less than 24 h). If the method
is diﬃcult to apply to a fresh cement paste because of the
strong heat release due to the water-cement reaction of
hydration, its relevance, on the other hand, is unquestion-
able for porous or not, heat stable materials with mean
thermal conductivity (from 0.2 to 3 Wm−1 K−1). The
technical changes brought about in the initial method and
their application to diﬀerent materials are presented here.
The problem of thermophysical property determination
for porous materials having a certain moisture content is
ﬁrst evoked.
2 Problematics. Theory formulation
2.1 Transfer equations
By neglecting pressure variations of the gaseous phase
and hysteresis phenomena, and by assuming the struc-
tural changes and the concomitant reaction of hydration
to be slow and weak, respectively (which becomes true
24 h after casting for cement-based materials), the transfer
equations, in the case of vertical transfers with an upward
vertical Ox-axis only, can be written:
ρ0c
∂T
∂t
= ∇ · (λ∇T + ρlLvDθv∇θ) (1)
∂θ
∂t
= ∇ · (Dθ∇θ + DTv∇T ) + ∂Kl
∂z
(2)
θ, the volume moisture content and T , the temperature,
are independent variables. ρ0 is the density of the dry
material (i.e., which has been incubated), ρl is the den-
sity of water, c is the wet material mass heat capac-
ity [J kg−1K−1], and Lv is the water latent heat of va-
porization [Jm−3].
Dθ is the total hydrous diﬀusivity, DTv and Dθv are
vapour diﬀusion coeﬃcients under temperature and
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moisture content gradients, and Kl is the hydraulic con-
ductivity.
λ(θ, T ) [Wm−1 K−1], the “apparent” thermal conduc-
tivity [1,3] results from the cumulative eﬀect of pure con-
duction phenomena (conduction is considered as pure at
0 ◦C (λ0(θ): Fourier’s law) and phase change heat releases
due to vapour transfers. We then have: λ = λ0+ρlLvDTv.
As shown by Da¨ıan [13], unlike suction (∇ · (Dθ∇θ)),
∂Kl/∂z, which corresponds to gravity is generally ne-
glected in the case of cement materials.
Moisture diﬀusion being much slower than the diﬀu-
sion of heat within the cement-based materials studied,
rapid dynamic measurement methods, which would not
generate interferences in the moisture content (contrary
to static methods like “the guarded hot plate”), can be
used here. Equations (1, 2) then reduce to:
ρ0c
∂T
∂t
= ∇ · (λ∇T ) . (3)
If thermal interferences are weak, this equation can
be linearized. We then obtain the classical heat diﬀusion
equation:
ρ0c
∂T
∂t
= λ∇2T. (4)
The determination of λ (apparent thermal conductiv-
ity), of ρ0c (volume heat capacity), of the ratios a = λ/ρ0c
(thermal diﬀusivity) and b = (λρ0c)1/2 (thermal eﬀusiv-
ity) is carried out with a simpliﬁed experimental set-up
(simple geometry and boundary conditions – thermal ﬂux
step, for instance) and by solving analytically the heat
transfer equation, and, ﬁnally, by comparing the experi-
mental and theoretical results.
2.2 Method of the hot plane ﬁlm
One side of a l thick cement material plate is heated using
a ﬁlm generating a power P [W m−2] from the instant
t = 0. The ﬁlm/plate set is placed between two thick in-
sulation plates considered as perfect. Two thermocouples
are used to measure the temperatures on both sides of the
plate (heated and non-heated faces). With regard to the
conﬁguration, the solution of equation (4) gives the tem-
perature theoretical evolutions of both faces, Th and Tnh,
respectively. If t < 3l2/aπ2, then
Th =
2P
b
√
π
√
t (5)
and (6, 7) if t > 3l2/aπ2
Th = P
[
t
ρ0cl
+
l
3λ
]
(6)
Tnh = P
[
t
ρ0cl
− l
6λ
]
. (7)
Insofar as the temperature experimental evolutions
satisfactorily agree with the theoretical predictions, the
values of λ, ρ0c, a and b can be deduced (the “anamor-
phose” study of Th vs. t1/2, for instance, introduces the
value of the eﬀusivity, b [J s−1/2 m−2 K−1]). ∆ being some
linear variations.
Equation (5) gives:
b =
2P∆(
√
t)√
π∆T
(8)
equations (6, 7) give:
λ =
Pl
2∆T
(9)
and
ρ0c =
P∆t
l∆T
(10)
and consequently:
a =
l2
2∆t
(11)
and
b =
P
∆T
√
∆t
2
. (12)
3 Experimental setting
3.1 Heating ﬁlm
A former experimental set-up has been improved for this
research [10]. Data acquisition system changes are not de-
scribed here. The objective here is to describe the use of
higher performance heating ﬁlms. Because thermal inertia
of the previous ﬁlms (TRESCO c© and SEMME c©), tradi-
tionally used for domestic low temperature ceiling panel
heating, is not insigniﬁcant, and since they suit small-scale
set-ups with diﬃculty, the performances of an alterna-
tive paper coated with a semiconducting graphited ma-
terial (TELEDELTOS paper) deserve some studies. This
paper has been used for many years now to represent
two-dimensional stationary thermal ﬁelds [14]. The pa-
per, through which a weak current generated by silver-
lacquered electrodes run, and which simulates the bound-
ary conditions of the thermal conduction problem, is used
to determine equipotential lines. On conditions that the
voltage, which is applied between both opposite edges, is
high enough, the TELEDELTOS paper is precious to heat
material samples.
3.2 Set-up
The objective of the set-up presented in Figures 1 and 2 is:
– to characterize the TELEDELTOS paper as heating
ﬁlm, i.e., to measure its electrical resistance according
to its surface temperature (as a rule, the resistance also
depends on the relative humidity of the surrounding
air [14] but, since the laboratory is air-conditioned, it
is considered constant here);
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Fig. 1. Thermal scheme.
Fig. 2. Wiring scheme.
– to heat a glass plate used as reference material whose
thermal properties have previously been determined
using two independent methods [10]. The dimensions
of the plate (as well as the samples studied later) are
141×141×20 mm (that is to say a surface of 200 cm2).
In fact, the plate is a combination of two 10-mm thick
glass plates glued together using speciﬁc grease main-
taining a good thermal contact.
Two type K thermocouples, placed on upper and bot-
tom sides, respectively, and connected to a data acquisi-
tion station, are used to record the temperature evolution
as a function of time. Data are exported in an EXCEL for-
mat. The set-up is thermally insulated using polyurethane
foam, which can be cut precisely.
The wiring scheme of Figure 2 consists of a direct ten-
sion of 150 V, supplied by a regulated power system and
applied to a set of three series resistors, at the terminals
of which tensions are measured, of the ﬁlm with the two
lacquered electrodes on both opposite edges, of a shunt to
determine the amount of current (approximately 30 mA)
and of a rheostat regulated to a resistance value more or
less equal to that of the ﬁlm. Under these conditions (i.e.,
constant voltage), an elementary calculation reveals that
although the ﬁlm resistance varies a little during heating,
the released power due to the Joule eﬀect, on the other
hand, remains approximately constant.
This consistency, veriﬁed by calculating the product
of the voltage measured at the ﬁlm terminals by the cur-
rent intensity through the shunt, is essential. Flux density
consistency, indeed, is one of the basic hypotheses of the
thermal property measurement method.
The preliminary set-up, with which the reference glass
plate is studied, is then modiﬁed so as to heat the refer-
ence sample and a sample from another material simulta-
neously (Fig. 3). The heating ﬁlm surface being double,
the voltage emitted by the power supply is regulated to
200 V (Fig. 4). Measurements of the either absolute (like
for glass) or relative (as described below) values of the
material thermal properties can then be carried out.
4 Experimental results
4.1 Heating ﬁlm
Figure 5 presents the calibration curve showing the rela-
tionship between the resistance of a 141-mm TELEDEL-
TOS paper square strip and its temperature.
Figure 6 conﬁrms the consistency of the released
power.
4.2 Thermophysical properties of the reference glass
plate
Figure 7 presents the evolution of the temperatures,
Th and Tnh, according to time, from which the values of
λ, ρ0c, then a and b are deduced. Similarly, Th vs.
√
t and
ﬁnally eﬀusivity b again are obtained from Figure 8.
Table 1 gives a review of the experimental results of
the glass thermophysical properties and a comparison with
former results achieved with the same sample.
Former and new results satisfactorily agree. Further-
more, thanks to a more modern acquisition system, data
processing is automated.
The comparison between Figures 8 and 9 reveals a re-
duction in the thermal inertia of the new heating ﬁlm,
which is, moreover, much easier to implement. Paper
strips ﬁtting the required dimensions are easily cut. Fur-
thermore, considering the paper resistivity, the electrical
power supply does not pose problems for small size sheets.
4.3 Application to diﬀerent materials
The materials studied here are characterized by their
mean conductivity (i.e., they are not insulating and not
metallic). For some, which are not porous (glass and
PVC), the measured conductivity is called “real”. For oth-
ers (wood, sand with various moisture contents, clay, fresh
cement paste), which are porous, the measured conductiv-
ity is called “apparent”. Wood, moreover, is anisotropic.
Among these materials, wood, dry sand and PVC are
low heat conductors. In [10], Bastian has shown that, for
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Fig. 3. Thermal scheme with both heating ﬁlms connected in series.
Fig. 4. Wiring scheme with both heating ﬁlms.
Fig. 5. Evolution of the resistance of the TELEDELTOS ﬁlm
during heating.
these materials, the choice of the set-up insulator can have
an impact on the thermophysical property measurements
because a non-negligible portion of the heat ﬂux released
by the ﬁlm can be absorbed by the insulator. The author,
thus, demonstrates that, for a ratio of the insulator eﬀu-
sivity (b2) to the material eﬀusivity (b1) lower than 0.02,
the error introduced by the insulator is negligible. Beyond
this value, the results must be corrected.
Fig. 6. Variation of the electric power released within the
heating ﬁlm during test.
Fig. 7. Evolution of temperatures Th and Tnh vs. t.
4.3.1 Determination of the error due to the imperfect
insulation of both external faces
We set:
b∗ =
b2
b1
; T ∗ =
Tλ
P l
; τ =
l2
aπ2
; t∗ =
t
τ
.
Let ∆T ∗ be the temperature diﬀerence between both
external faces of the studied sample. In the case of an
imperfect insulation (b∗ = 0), for λ, ρ0c, a and b, we
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Table 1. Comparison between the experimental results obtained for glass using the new and the former set-up.
[10] [10]
Thermophysical units Current results
Hot guarded plate Dynamic measurements
λ [Wm−1 K−1] 1.00 1.00 0.99
ρ0c [JK
−1 m−3] - 2.30× 106 2.21× 106
a [m2 s−1] - 4.35× 10−7 4.53× 10−7
b =
√
λρ0c [W s
1/2 m−2 K−1] - 1520 1479
b [W s1/2 m−2 K−1]
- 1490 1496
(direct measurement)
Fig. 8. Evolution of the temperature Th vs.
√
t.
Fig. 9. Evolution of the temperature Th vs.
√
t recorded using
the former set-up [10].
obtain [10]:
λ =
Pl
2∆T
∆T ∗b∗ =0
∆T ∗b∗=0
(13)
ρ0c =
P∆t
l∆T
∆T ∗b∗ =0
∆T ∗b∗=0
∆tb∗=0
∆tb∗ =0
(14)
b1 =
2P
√
t√
πT (0, t)
− b2 (15)
a =
l2
2∆t
. (16)
Table 2. Polyurethane foam thermal properties.
Thermal conductivity [Wm−1 K−1] 0.030
Mass heat capacity [JK−1 kg−1] 840
Density [kgm−3] 35
Thermal eﬀusivity [W s1/2 m−2 K−1] 30
The properties of the insulator used for this research
are presented in Table 2.
For instance, for the wood plate heated in the normal
direction to the grain (Tab. 3), the correction on the ex-
perimental results is approximately 5%.
4.3.2 Application to PVC, wood, clay and sand
The corrected results obtained with these materials are
plotted in Table 3.
Two diﬀerent methods can be used for the determina-
tion of the various physical units: ﬁrst, like for glass, by
using equations (7, 11) separately, an absolute determina-
tion is conducted, which implies that the applied ﬂux den-
sity, P , is known; or, like in [10] where equations (8, 10),
within which time is eliminated, are applied to two sam-
ples of materials A and B with the same thickness and
heated simultaneously. We then obtain:
– short periods of time: equation (8) gives
bB = bA(∆ThA/∆ThB); (17)
– long periods of time: equation (10) gives
(ρ0c)B = (ρ0c)A(∆ThA/∆ThB). (18)
Figure 10 is an illustration of relative determination
using PVC, glass being the reference material.
Relative determination results satisfactorily agree with
the direct measurement results of Table 3. Globally, the
thermophysical property values measured for all mate-
rials are in good agreement with data from the liter-
ature [15–20]. For dry sand, De Vries, mentioned by
Farouki [15], obtains a thermal conductivity of approxi-
mately 0.30 Wm−1 K−1, whereas the information on sea
sand found in the Aide Me´moire du Thermicien [16] gives
values within the range 0.35–0.43 Wm−1 K−1.
Mixing of water and sand increases the material ther-
mal conductivity signiﬁcantly because of the formation
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Table 3. Experimental results.
Wood Moist sand
Wood
(normal to Saturated (moisture
Materials PVC (with the Dry sand
the grain of clay content:
grain)
the wood) 10%)
ρ0 [kgm
−3] 1453 410 410 1348 1611 1766
λ [Wm−1 K−1] 0.20 0.13 0.34 0.92 0.32 2.26
ρ0c [JK
−1 m−3] 1.57 × 106 7.72 × 105 7.58 × 105 3.85 × 106 1.36× 106 2.02 × 106
a = λ/ρ0c
1.25 × 10−7 1.68 × 10−7 4.36 × 10−7 2.39 × 10−7 2.35× 10−7 11.2 × 10−7
[m2 s−1]
a (direct
measurement) 1.17 × 10−7 1.62 × 10−7 4.33 × 10−7 2.53 × 10−7 2.31× 10−7 11.1 × 10−7
[m2 s−1]
b =
√
λρ0c
555 298 511 1882 663 2135
[W s1/2 m−2 K−1]
b (direct
measurement) 555 318 482 1889 682 2191
[W s1/2 m−2 K−1]
b (corrected
using (Eq. (15)) 525 288 452 1859 652 2161
[W s1/2 m−2 K−1]
b (obtained
using (Eq. (17)) 554 318 491 1873 664 2187
[W s1/2 m−2 K−1]
ρ0c (obtained
using (Eq. (18)) 1.52 × 106 7.71 × 105 7.63 × 105 3.79 × 106 1.42× 106 2.07 × 106
[JK−1 m−3]
Fig. 10. X and Y recordings of glass and PVC temperatures.
of water bridges between the grains, which further heat
transfers inside the mixture [15]. For a sand with a mois-
ture content of 10%, the thermal conductivity obtained by
De Vries is approximately 2 Wm−1 K−1. The composition
and the particle size distribution, which can vary depend-
ing on the sand, accounts for the diﬀerence between this
value and the value achieved here.
The thermophysical property values achieved for PVC
agree with the following values found in the literature [16],
variations in values being due to the diﬀerences in the com-
position of the materials: at 20 ◦C, λ = 0.166 Wm−1 K−1,
ρ0c = 1.38× 106 J K−1 m−3 and a = 1.20× 10−7 m2 s−1.
Moreover, for a PVC with a density within the range
1300–1400 kg m−3, the thermal conductivity obtained by
Hazard et al. is 0.20 W m−1 K−1 [17].
The thermophysical properties of clay are highly de-
pendent upon the material moisture content [15]. Both
thermal conductivity and volume heat increase when the
moisture content increases. The moisture content of the
saturated clay studied here is 123%. In a former study,
conducted on the same material save for the moisture
content, which was lower, the values obtained were λ =
0.70 Wm−1 K−1, ρ0c = 2.29× 106 J K−1 m−3 [18], which
is lower than the values obtained here. This diﬀerence is
probably due to the diﬀerence in the moisture content.
The wooden material studied (ﬁr) is highly anisotropic
(Fig. 11). In order to examine the impact of this on the
values of its heat transfer parameters, measurements are
carried out on two plates with the same dimensions, one
being cut with the grain and the other perpendicularly.
Depending on the cutting direction, the thermal conduc-
tivity varies with a multiplying factor of three, whereas
volume heat remains identical whatever the conﬁguration.
This result is not surprising since volume heat depends
on the material composition only, whereas the thermal
conductivity depends on both material composition and
structure. The results for wood agree with those found
in the literature. Thus, the thermal conductivity obtained
by Hazard et al. [17] and Go¨tz et al. [19] for ﬁr tree wood
(with a density ranging between 300 and 450 kg m−3 for
Hazard et al.) is 0.14 W m−1 K−1 and 0.12 W m−1 K−1,
respectively. Few pieces of information, on the other hand,
are available in the literature regarding the thermal con-
ductivity of wood cut with the grain. The LIGNUM (The
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Fig. 11. Photographs of the wooden plates showing their
anisotropic features.
Swiss Union for Wood) gives a value of λ ranging between
0.25 and 0.29 Wm−1 K−1 [20].
4.3.3 Application to fresh cement paste
The tests conducted on fresh cement pastes with the set-
up presented in Figure 3 are not conclusive. The objective
of this research was to examine the correlation between
the progress of the hydration process and the possible
variations of the material thermophysical properties. The
exothermicity of the hydration reaction is at the origin of a
sharp increase in the temperature of the sample (Fig. 12),
which interferes with measurements. During the test, in-
deed, the heat liberated by the hydration process (vari-
able with time and diﬃcult to assess accurately) is added
to the power released by the heating ﬁlm, which makes
the application of equations (5, 7) and, consequently, the
determination of very fresh cement thermal properties im-
possible.
In order to free the measurements from the inﬂuence
of hydration heat on cement paste, a variant of the initial
set-up (Fig. 3) has been developed, which consists in trans-
ferring heat away through the upper surface of the sample
using a cooling box. This box is made of two 141× 1-mm
square plates (Fig. 13). One is made of copper and in
contact with the cement paste, the other is made of trans-
parent PVC and can be seen in Figure 13. The sidewalls of
the box and the inner baﬄes used to direct the direction of
the water ﬂow are also in PVC. Two copper tubes are used
as inlet and outlet for the cooling water pumped from a
thermostatic bath. Thanks to this device the temperature
of the cement paste is satisfactorily regulated (Fig. 12).
So, thanks to the modiﬁcation, one side of the cement
paste sample with a thickness of l, is now heated, from the
instant t = 0, by the ﬁlm emitting a power P [W m−2],
whereas the temperature of the upper surface remains con-
stant. The whole combination is placed between two thick
insulation plates. Some thermocouples measure the tem-
perature on both sides of the plate, the heated face and
the isotherm one. When applying the solution of equa-
Fig. 12. Temperature evolution of cement paste (a 141×141×
20-mm plate) kept isotherm thanks to cooling system, on the
one hand, and in semi-adiabatic conditions, on the other hand,
during hydration.
Fig. 13. Photograph of the cooling box added to the set-up
for the study of fresh cement paste.
tion (3), we obtain the theoretical evolution of the tem-
perature, Th, of the heated side, that is, according to [16],
equations (19, 20):
Th =
2P
b
√
π
√
t, if t→ 0 (19)
Th =
Pl
λ
, if t→∞. (20)
Both equations are used to determine λ b, ρ0c and a: equa-
tion (19) gives:
b =
2P∆(
√
t)√
π∆T
(21)
equation (20) gives:
λ =
Pl
∆T
(22)
and consequently:
ρ0c =
4P (∆
√
t)2
lπ∆T
(23)
and
a =
lπ
4(∆
√
t)2
. (24)
In practice, both equations can be applied only when the
temperature experimental evolutions agree with theoreti-
cal estimations. However, the tests conducted here reveal
that the heating time (>30 min) required to reach the
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steady state (Th constant) is much too long for a precise
follow-up of the evolution of the material thermophysical
properties. The application of this method to fresh cement
paste is, therefore, abandoned for a speciﬁc set-up based
on the method of heated and non-heated wires [7].
5 Conclusion
The improvements of the experimental principle described
here have made it easy to implement and capable of per-
forming repetitive tests. This technique can be used for
mean conductivity materials undergoing no sharp thermal
changes (exothermic reactions, for instance).
The TELEDELTOS paper is a high quality and ver-
satility heating ﬁlm. Unfortunately, the sources of supply
appear uncertain.
Results on thermophysical properties of materials, at
last, are reliable and can be reproduced. A certain redun-
dancy in the relationships presented here makes it possible
to assess all properties through two distinctive approaches
at least and, therefore, to lessen the possibility of error in
the validation of the measurements.
The miniaturization of the set-up requires homoge-
neous materials. If not, like concrete containing big-sized
aggregates, for instance, the experimental technique de-
scribes in reference [7] suits their study much better. In
a more general way, a classical approach [21] consists in
considering a sample size 10 times higher than that of
largest of the components. For example, in the presence
of aggregates with a maximum size of 20 mm, the lowest
dimension of the sample should be higher than 200 mm.
It is then necessary to increase both the size of the device
(while keeping a reasonable thickness of sample) and the
power delivered by the heating ﬁlm, in order to obtain a
suﬃcient thermal signal.
In addition, in case of strongly heterogeneous medium,
the local temperature measurement may be improved by
installing several thermocouples, placed in series, on the
lower and the upper sides of the sample [22]: it is thus pos-
sible to obtain a stronger thermal signal and to measure
an average temperature value on both sides of the sample.
In spite of these practical solutions, the measurement
of the thermophysical properties of strongly heterogeneous
materials remains a complex problem, which has not been
completely elucidated. The theoretical resolution of this
problem requires, according to us, the application of “vol-
ume averaging” techniques [23].
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